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1
INTERFACE CONTROL IN A BIPOLAR
JUNCTION TRANSISTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of application Ser. No.
13/297,464, filed Nov. 16, 2011, which is hereby incorpo-
rated by reference herein in its entirety.

BACKGROUND

The present invention relates to semiconductor device
fabrication and, more specifically, to bipolar junction tran-
sistors, methods of fabricating bipolar junction transistors,
and design structures for a bipolar junction transistor.

Bipolar junction transistors are typically found in
demanding types of integrated circuits, especially integrated
circuits for high-frequency applications. One high-fre-
quency application for bipolar junction transistors is in
radiofrequency integrated circuits (RFICs), which are used
in wireless communications systems, power amplifiers in
cellular telephones, and other types of high speed integrated
circuits. Bipolar junction transistors may also be combined
with complementary metal-oxide-semiconductor (CMOS)
field effect transistors in bipolar complementary metal-
oxide-semiconductor (BiCMOS) integrated circuits, which
take advantage of the positive characteristics of both tran-
sistor types in the construction of the integrated circuit.

Conventional bipolar junction transistors are three-termi-
nal electronic devices that include three semiconductor
regions, namely an emitter, a base, and a collector. Gener-
ally, a bipolar junction transistor includes a pair of p-n
junctions, namely a collector-base junction and an emitter-
base junction. A voltage applied across the emitter-base
junction of a bipolar junction transistor controls the move-
ment of charge carriers that produce charge flow between the
collector and emitter regions of the bipolar junction transis-
tor.

An NPN bipolar junction transistor includes two regions
of n-type semiconductor material constituting the emitter
and collector, and a region of p-type semiconductor material
sandwiched between the two regions of n-type semiconduc-
tor material to constitute the base. A PNP bipolar junction
transistor has two regions of p-type semiconductor material
constituting the emitter and collector, and a region of n-type
semiconductor material sandwiched between two regions of
p-type semiconductor material to constitute the base.

Improved bipolar junction transistors, methods of fabri-
cating bipolar junction transistors, and design structures for
bipolar junction transistors are needed that advance the
capabilities of the technology.

SUMMARY

According to one embodiment of the present invention, a
method is provided for fabricating a bipolar junction tran-
sistor. The method includes forming an intrinsic base layer
and masking a first portion of the intrinsic base layer. In
response to masking the first portion of the intrinsic base
layer, a second portion of the intrinsic base layer is etched.
The method further includes forming an emitter in a con-
tacting relationship with the first portion of the intrinsic base
layer.

According to another embodiment of the present inven-
tion, a bipolar junction transistor includes an intrinsic base
layer with a raised region having a first portion and a second
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portion. The second portion of the raised region is thinner
than the first portion of the raised region. An emitter is in a
contacting relationship with the first portion of the intrinsic
base layer, and an extrinsic base layer is in a contacting
relationship with the second portion of the intrinsic base
layer.

According to another embodiment of the present inven-
tion, a hardware description language (HDL) design struc-
ture is encoded on a machine-readable data storage medium.
The HDL design structure comprises elements that, when
processed in a computer-aided design system, generates a
machine-executable representation of a bipolar junction
transistor. The HDL design structure includes an intrinsic
base layer including a raised region with a first portion and
a second portion. The second portion of the raised region is
thinner than the first portion of the raised region. An emitter
is in a contacting relationship with the first portion of the
intrinsic base layer, and an extrinsic base layer is in a
contacting relationship with the second portion of the intrin-
sic base layer. The HDL design structure may comprise a
netlist. The HDL design structure may also reside on storage
medium as a data format used for the exchange of layout
data of integrated circuits. The HDL design structure may
reside in a programmable gate array.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate various
embodiments of the invention and, together with a general
description of the invention given above and the detailed
description of the embodiments given below, serve to
explain the embodiments of the invention.

FIGS. 1-8 are cross-sectional views of a portion of a
substrate at successive fabrication stages of a processing
method for fabricating a bipolar junction transistor in accor-
dance with an embodiment of the invention.

FIG. 4A is a detailed view of the region 4A in FIG. 4.

FIG. 4B is a detailed view of the region 4B in FIG. 4.

FIG. 5A is a detailed view of the region 5A in FIG. 5.

FIG. 5B is a detailed view of the region 5B in FIG. 5.

FIG. 9 is a flow diagram of a design process used in
semiconductor design, manufacture, and/or test.

DETAILED DESCRIPTION

With reference to FIG. 1 and in accordance with an
embodiment of the invention, a substrate 10 includes trench
isolation regions 12 which circumscribe and electrically
isolate a device region 16. The device region 16 is used in
the fabrication of a bipolar junction transistor 92 (FIG. 8).

The substrate 10 may be any type of suitable bulk
substrate comprising a semiconductor material suitable for
forming an integrated circuit. For example, the substrate 10
may be a wafer comprised of a monocrystalline silicon-
containing material, such as single crystal silicon wafer with
a (100) crystal lattice orientation. The monocrystalline semi-
conductor material of the substrate 10 may contain a definite
defect concentration and still be considered single crystal.
The semiconductor material comprising substrate 10 may
include an optional epitaxial layer on a bulk substrate, such
as an epitaxial layer comprised of lightly-doped n-type
semiconductor material that defines a top surface 25 and that
covers an oppositely-doped bulk substrate.

The trench isolation regions 12 may be isolation struc-
tures formed by a shallow trench isolation (STI) technique
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that relies on a lithography and dry etching process to define
closed-bottomed trenches in substrate 10, fill the trenches
with dielectric, and planarize the layer relative to the top
surface 25 of the substrate 10 using a chemical mechanical
polishing (CMP) process. The dielectric may be comprised
of an oxide of silicon, such as densified tetraethylorthosili-
cate (TEOS) deposited by chemical vapor deposition (CVD)
or a high-density plasma (HDP) oxide deposited with
plasma assistance.

A collector 18 and subcollector 20 of the bipolar junction
transistor 92 are present as impurity-doped regions in device
region 16. The collector 18 and subcollector 20 may be
formed beneath the top surface 25 by introducing an elec-
trically-active dopant, such as an impurity species from
Group V of the Periodic Table (e.g., phosphorus (P), arsenic
(As), or antimony (Sb)) effective to impart an n-type con-
ductivity in which electrons are the majority carriers and
dominate the electrical conductivity of the host semicon-
ductor material. In one embodiment, the collector 18 and the
subcollector 20 may be formed by separate ion implanta-
tions of n-type impurity species and, thereafter, annealing to
activate the impurity species and lessen implantation dam-
age using techniques and conditions familiar to one skilled
in the art. In a specific embodiment, the collector 18 may
comprise a selectively implanted collector (SIC) formed by
implanting an n-type dopant with selected dose and kinetic
energy into the central part of the device region 16 and may
be formed at any appropriate point in the process flow. In a
specific embodiment, the subcollector 20 may be formed by
a high-current ion implantation followed by lengthy, high
temperature thermal anneal process that dopes a thickness of
the substrate 10 before the optional epitaxial layer is formed.
During process steps subsequent to implantation, the dopant
in the collector 18 may diffuse laterally and vertically such
that substantially the entire central portion of device region
16 becomes doped and is structurally and electrically con-
tinuous with the subcollector 20.

An intrinsic base layer 22, which is comprised of a
material suitable for forming an intrinsic base of the bipolar
junction transistor 92, is deposited as a continuous additive
layer on the top surface 25 of substrate 10 and, in particular
on the top surface 25 of the device region 16. In the
representative embodiment, the intrinsic base layer 22
directly contacts the top surface 25 of the device region 16
and a top surface of the trench isolation regions 12. The
intrinsic base layer 22 may be comprised of a semiconductor
material, such as silicon-germanium (SiGe) including sili-
con (Si) and germanium (Ge) in an alloy with the silicon
content ranging from 95 atomic percent to 50 atomic percent
and the germanium content ranging from 5 atomic percent to
50 atomic percent. The germanium content of the intrinsic
base layer 22 may be uniform or the germanium content of
intrinsic base layer 22 may be graded or stepped across the
thickness of intrinsic base layer 22. Alternatively, the intrin-
sic base layer 22 may be comprised of a different semicon-
ductor material, such as silicon (Si). The intrinsic base layer
22 may be doped with one or more impurity species, such as
boron and/or carbon.

Intrinsic base layer 22 may be formed using a low
temperature epitaxial (LTE) growth process (typically at a
growth temperature ranging from 400° C. to 850° C.). The
epitaxial growth process is performed after the trench iso-
lation regions 12 are formed. The epitaxial growth process
may be non-selective as single crystal semiconductor mate-
rial (e.g., single crystal silicon or SiGe) is deposited epi-
taxially onto any exposed crystalline surface such as the
exposed top surface 25 of device region 16, and non-
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monocrystalline semiconductor material (e.g., polysilicon or
polycrystalline SiGe) is deposited non-epitaxially onto the
non-crystalline material of the trench isolation regions 12 or
regions (not shown) where polycrystalline semiconductor
material already exists.

The non-selectivity of the growth process causes the
intrinsic base layer 22 to incorporate topography. Specifi-
cally, the intrinsic base layer 22 includes a raised region 24
above the device region 16, a non-raised region 26 surround-
ing the raised region 24, and a facet region 28 between the
raised region 24 and the non-raised region 26. The raised
region 24 of the intrinsic base layer 22 is comprised of
monocrystalline semiconductor material and is laterally
positioned in vertical alignment with the collector 18. A top
surface of the raised region 24 is elevated relative to a plane
containing the top surface 25 of the device region 16. The
raised region 24 is circumscribed by the trench isolation
regions 12.

The non-raised region 26 of the intrinsic base layer 22 is
comprised of polycrystalline semiconductor material and
overlies the trench isolation regions 12 near the raised region
24. In the absence of epitaxial seeding over the trench
isolation regions 12, the non-raised region 26 forms with a
low growth rate outside of the device region 16. The facet
region 28 of the intrinsic base layer 22 may be comprised of
a mixture of polycrystalline and monocrystalline material or
comprised of primarily single crystal material in facet region
28. The thickness of the intrinsic base layer 22 may range
from about 10 nm to about 600 nm with the largest layer
thickness in the raised region 24 and the layer thickness of
the non-raised region 26 less than the layer thickness of the
raised region 24. The layer thicknesses herein are evaluated
in a direction normal to the top surface 25 of substrate 10.

A base dielectric layer 32 is formed on a top surface 30 of
intrinsic base layer 22 and, in the representative embodi-
ment, directly contacts the top surface 30. The base dielec-
tric layer 32 reproduces the topography of the underlying
intrinsic base layer 22 in device region 16. The base dielec-
tric layer 32 may be an insulating material with a dielectric
constant (e.g., a permittivity) characteristic of a dielectric. In
one embodiment, the base dielectric layer 32 may be a high
temperature oxide (HTO) deposited using rapid thermal
process (RTP) at temperatures of 500° C. or higher, and may
be comprised of an oxide of silicon, such as SiO, having a
nominal dielectric constant of 3.9. Alternatively, if the base
dielectric layer 32 is comprised of oxide, the material of base
dielectric layer 32 may be deposited by a different deposition
process, by thermal oxidation of silicon (e.g., oxidation at
high pressure with steam (HIPOX)), or by a combination of
oxide formation techniques known to those of ordinary skill
in the art.

A sacrificial layer stack 31 including sacrificial layers 36,
40 is then formed. Sacrificial layer 36 is deposited on a top
surface 34 of base dielectric layer 32 and directly contacts
the top surface 34. Sacrificial layer 40, which is optional, is
deposited on a top surface 38 of sacrificial layer 36. The
sacrificial layers 36, 40 reproduce the topography of the
underlying intrinsic base layer 22.

Sacrificial layer 36 may be comprised of a material with
a different etching selectivity than the material of the under-
lying base dielectric layer 32. In one embodiment, sacrificial
layer 36 may be comprised of polycrystalline silicon (e.g.,
polysilicon) deposited by a conventional deposition process
such as low pressure chemical vapor phase deposition
(LPCVD) using either silane or disilane as a silicon source
or physical vapor deposition (PVD). Sacrificial layer 40 may
be comprised of a dielectric material with a different etching
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selectivity than the material of the underlying sacrificial
layer 36. In one embodiment, sacrificial layer 40 may be
comprised of Si;N, deposited by CVD or another suitable
deposition process.

With reference to FIG. 2 in which like reference numerals
refer to like features in FIG. 1 and at a subsequent fabrica-
tion stage, the sacrificial layers 36, 40 of the sacrificial layer
stack 31 are patterned using photolithography and etching
processes to define sacrificial mandrels in the form of a
sacrificial emitter pedestal 44. To that end, the sacrificial
layer stack 31 is masked with a patterned mask layer (not
shown). In one embodiment, the mask layer may be a
photoresist layer comprised of a sacrificial organic material
applied to the top surface 42 of sacrificial layer 40 by spin
coating and pre-baked. The photolithography process entails
exposing the photoresist layer to radiation imaged through a
photomask, baking, and developing the resultant latent fea-
ture pattern in the exposed resist to define residual areas of
photoresist that mask portions of sacrificial layer stack 31. In
particular, the mask includes resist strips covering respective
surface areas on a top surface 42 of sacrificial layer 40 at the
intended locations of the sacrificial emitter pedestal 44.

An etching process, such as a reactive-ion etching (RIE)
process, is used to remove regions of sacrificial layers 36, 40
not protected by the mask layer. For example, an initial
segment of the etching process may remove unprotected
regions of sacrificial layer 40 and stop on the material of
sacrificial layer 36. The etch chemistry may be changed to
remove unprotected regions of the underlying sacrificial
layer 36 and stop on the material of base dielectric layer 32.
Alternatively, a simpler etch chemistry might be used that
includes fewer etch steps. At the conclusion of the etching
process, the top surface 34 of base dielectric layer 32 is
exposed aside from the portions of the top surface 34
covered by the sacrificial emitter pedestal 44.

With reference to FIG. 3 in which like reference numerals
refer to like features in FIG. 2 and at a subsequent fabrica-
tion stage, a hardmask layer 48 is deposited on a top surface
34 of base dielectric layer 32 and directly contacts the top
surface 34. The hardmask layer 48 may be a conformal
blanket layer with a thickness that is independent of the
topography of underlying features, such as the sacrificial
emitter pedestal 44. Hardmask layer 48 may be comprised of
a dielectric material with a different etching selectivity than
the underlying base dielectric layer 32. In one embodiment,
hardmask layer 48 may be comprised of silicon nitride
(SizN,) deposited using CVD. Alternatively, the material of
hardmask layer 48 may be deposited by another suitable
deposition process.

After hardmask layer 48 is deposited, a resist layer 50
comprised of a radiation-sensitive organic material is
applied to a top surface 49 of hardmask layer 48 by spin
coating, pre-baked, exposed to radiation to impart a latent
image of a pattern including a window 52 to expose surface
areas spatially registered with the device region 16 for
bipolar junction transistor 92, baked, and then developed
with a chemical developer. Window 52 is defined as an
opening in the resist layer 50.

A directional anisotropic etching process like RIE that
preferentially removes dielectric material from horizontal
surfaces, may be used to remove portions of the hardmask
layer 48 in regions unmasked by the resist layer 50 to extend
the window 52. In particular, an opening with an interior
edge 47 is defined in the hardmask layer 48 at the location
of window 52 and extends through the hardmask layer 48 to
the top surface 30 of base dielectric layer 32. In one
embodiment, the etching process is selected with an etch
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chemistry that selectively removes Si;N, in hardmask layer
48 relative to SiO, in the base dielectric layer 32. The
etching process also etches the hardmask layer 48 to form
non-conductive spacers 56 on the sidewalls of the sacrificial
emitter pedestal 44. The non-conductive spacers 56 sur-
round the sidewalls of the sacrificial emitter pedestal 44.
Following the etching process, the resist layer 50 is removed
by oxygen plasma ashing and/or wet chemical stripping.

With reference to FIG. 4 in which like reference numerals
refer to like features in FIG. 3 and at a subsequent fabrica-
tion stage, the base dielectric layer 32 is removed by an
etching process that stops on the material constituting intrin-
sic base layer 22. At the conclusion of the etching process,
the top surface 30 of intrinsic base layer 22 is exposed in
device region 16. During the etching process, the patterned
hardmask layer 48 operates as a hardmask to selectively
mask portions of base dielectric layer 32 outside of the
device region 16. The sacrificial emitter pedestal 44 and
non-conductive spacers 56 also respectively mask surface
areas of the base dielectric layer 32 during the etching
process.

At the conclusion of the etching process, a portion of the
top surface 30 of intrinsic base layer 22 is exposed between
the interior edge 47 of the opening in the hardmask layer 48
and the non-conductive spacers 56 on the sacrificial emitter
pedestal 44. This portion of the top surface 30 is an intended
location for the extrinsic base layer 64 of the bipolar junction
transistor 92.

In one embodiment, the etching process may be chemical
oxide removal (COR) that removes the material of base
dielectric layer 32, if comprised of SiO,, with minimal
undercut beneath the non-conductive spacers 56. A COR
process utilizes a vapor or, more preferably, a mixture flow
of hydrogen fluoride (HF) and ammonia (NH;) in a ratio of
1:10to 10:1 and may be performed at low pressures (e.g., of
about 1 mTorr to about 100 mTorr) and room temperature.
The COR process may be performed in situ in the deposition
chamber or may be performed in an independent chamber.
Sacrificial layer 40 remains unchanged as a structure of the
sacrificial layer stack 31 following the etching process. An
optional hydrofluoric acid chemical cleaning procedure may
follow the COR process.

As apparent in FIGS. 4A and 4B, the intrinsic base layer
22 has an interface layer 60 adjacent to the top surface 30.
The interface layer 60 represents a thin surface layer that is
significantly thinner than a bulk layer 21 of the intrinsic base
layer 22 and that has an interface 62 with the bulk layer 21
of the intrinsic base layer 22. The interface layer 60 has a
layer thickness, t;, of the interface layer 60, which is
measured as a normal distance from the interface 62 to the
top surface 30. The layer thickness, t;, in field regions 66
that flank the sacrificial emitter pedestal 44 and non-con-
ductive spacers 56 is nominally equal to the layer thickness,
t,, beneath the sacrificial emitter pedestal 44 and non-
conductive spacers 56. In other words, the layer thickness,
t,, is independent of lateral position proximate to device
region 16.

The interface layer 60 may have a different nominal
composition than a region of the bulk layer intrinsic base
layer 22 adjacent to interface 62. In one embodiment, a Si
seed layer free of Ge may be grown and then the intrinsic
base layer 22 may be deposited with a graded profile of Ge
concentration. In a representative trapezoidal profile, the Ge
concentration of the bulk layer 21 is ramped upward from
the growth initiation on the Si seed layer and then fixed at
a constant percentage over a plateau within the bulk layer 21
of the intrinsic base layer 22. The Ge concentration of the
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bulk layer 21 is then ramped downwardly from the plateau
as the full thickness for the bulk layer 21 is approached. At
the interface 62, the downwardly ramped Ge concentration
may reach zero so that the interface layer 60 is comprised of
intrinsic Si with a negligible Ge concentration. Alternatively,
the downwardly ramped Ge concentration may be non-zero
near the top surface 30 of the intrinsic base layer 22 so that
the interface layer 60 is SiGe comprised of five percent or
less of Ge, but still has a lower Ge content than the region
of the bulk layer 21 adjacent to the interface 62. In another
embodiment, the interface layer 60 may not be initially
doped with the impurity species (e.g., boron and/or carbon)
used to dope the bulk layer 21 of the intrinsic base layer 22.

With reference to FIG. 5 in which like reference numerals
refer to like features in FIG. 4 and at a subsequent fabrica-
tion stage, an etching process may be used to reduce the
thickness of the interface layer 60 in the field regions 66,
thereby reducing the thickness of the intrinsic base layer 22
in the field regions 66. If the interface layer 60 is comprised
of Si or primarily of Si, then a RIE process using a
chlorine-based chemistry (e.g., HCl) may be used to reduce
the thickness of the interface layer 60 in the field regions 66.

In the representative embodiment and as apparent in FIG.
5A, the interface layer 60 in the field regions 66 has been
thinned by the etching process to a nominal layer thickness,
t,, which is measured as a normal distance between a
recessed top surface 68 of the intrinsic base layer 22 and the
interface 62 between the interface layer 60 and the bulk layer
21 of the intrinsic base layer 22. The top surface 68 in the
field regions 66 is recessed relative to the top surface 30
beneath the sacrificial emitter pedestal 44 and non-conduc-
tive spacers 56 by a distance equal to a thickness, A, of
interface layer 60 removed by the etching process. The
removed thickness, A, in the field regions 66 is smaller than
the initial layer thickness, t;, of the interface layer 60 and
represents the difference between the layer thicknesses t;
and t,. If the interface layer 60 is completely removed in the
field regions 66, then the removed thickness, A, is equal to
the initial layer thickness, t;, and the top surface 30 of the
intrinsic base layer 22 is exposed.

As best shown in FIG. 5B, the sacrificial emitter pedestal
44 and non-conductive spacers 56 respectively mask surface
areas of the interface layer 60 during the etching process. As
a result, the initial thickness, t,, of the interface layer 60 is
preserved beneath the sacrificial emitter pedestal 44 and
non-conductive spacers 56. As mentioned above, the differ-
ence between the layer thicknesses t, t, is equal to the
removed thickness, A. The result of the etching process is
that the layer thickness, t,, of the intrinsic base layer 22
differs in the field regions 66 from the layer thickness, t,, of
the intrinsic base layer 22 beneath the sacrificial emitter
pedestal 44 and non-conductive spacers 56.

In an alternative embodiment, the interface layer 60 may
be completely removed from the field regions 66. In this
instance, the removed thickness, A, of the intrinsic base layer
22 will be nominally equal to the layer thickness t; of the
interface layer 60. In another alternative embodiment, the
etching process may remove a partial thickness of the bulk
layer 21 of the intrinsic base layer 22 in the field regions 66
after the interface layer 60 is completely removed from the
field regions 66. In this instance, the removed thickness, A,
of the intrinsic base layer 22 will be greater than the layer
thickness t,.

With reference to FIG. 6 in which like reference numerals
refer to like features in FIG. 5 and at a subsequent fabrica-
tion stage, an extrinsic base layer 64 is formed on the
recessed top surface 68 of intrinsic base layer 22 and, in the
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representative embodiment, directly contacts the top surface
68. In one embodiment, the extrinsic base layer 64 may be
comprised of a semiconductor material (e.g., silicon or
SiGe) formed by a selective epitaxial growth (SEG) depo-
sition process. If comprised of SiGe, the concentration of Ge
may have a graded or an abrupt profile if the extrinsic base
layer 64 is comprised of SiGe, and may include additional
layers, such as a Si cap. Epitaxial growth is a process by
which a layer of single-crystal material (extrinsic base layer
64) is deposited on a single-crystal substrate (intrinsic base
layer 22) and in which the crystallographic structure of the
single-crystal substrate is reproduced in the extrinsic base
layer 64. If the chemical composition of the epitaxial mate-
rial in the extrinsic base layer 64 differs from the chemical
composition of the intrinsic base layer 22, then a lattice
constant mismatch may be present between the epitaxial
material of extrinsic base layer 64 and the intrinsic base
layer 22.

In an SEG deposition process, nucleation of the constitu-
ent semiconductor material is suppressed on insulators, such
as on the top surface 49 of the hardmask layer 48 and on the
non-conductive spacers 56. The selectivity of the SEG
deposition process forming the extrinsic base layer 64 may
be provided by an etchant, such as hydrogen chloride (HCI),
in the reactant stream supplied to the SEG reaction chamber
or by the germanium source, such as germane (GeH,) or
digermane (Ge,Hy), supplied to the SEG reaction chamber.
If the extrinsic base layer 64 does not contain germanium,
then a separate etchant may be supplied to the SEG reaction
chamber to provide the requisite selectivity. If the extrinsic
base layer 64 contains germanium formed using a germa-
nium source gas, the provision of an additional etchant to the
SEG reaction chamber is optional.

The thinning of the intrinsic base layer 22 in the field
regions 66 in preparation for the growth of extrinsic base
layer 64 may be performed with an etching process in the
same tool used to deposit the extrinsic base layer 64. In this
manner, exposure to atmosphere is necessarily avoided.
Alternatively, the substrate 10 may be moved between
different chambers in a tool or between different tools with
minimal exposure to atmosphere for sequentially perform-
ing the sequential etching and deposition processes.

The extrinsic base layer 64 may be in situ doped during
deposition with a concentration of a dopant, such as an
impurity species from Group III of the Periodic Table (e.g.,
boron or indium) effective to impart a p-type conductivity in
which holes are the majority carriers and dominate the
electrical conductivity of the host semiconductor material.
The extrinsic base layer 64 may comprise heavily-doped
p-type semiconductor material. The uneven topography of
the underlying intrinsic base layer 22 might be partially
reproduced in the extrinsic base layer 64 on device region 16
so that the extrinsic base layer 64 has a raised region 65 that
overlies the raised region 24 of the intrinsic base layer 22.

During the various thermal processes of the process flow,
the impurity species may be caused to diffuse from the
extrinsic base layer 64 into the intrinsic base layer 22. As a
result, the intrinsic base layer 22 near the top surface 68 may
become doped with an appropriate concentration of the
impurity species so that a low-resistance link to the intrinsic
base layer 22 is formed.

The material in the extrinsic base layer 64 is ultimately
used to form an extrinsic base of a bipolar junction transistor
92, which is a NPN bipolar junction transistor in the
representative embodiment. During the SEG deposition pro-
cess, the semiconductor material of the raised region 24 and
facet region 28 of intrinsic base layer 22 operates as a seed
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crystal or crystalline seed that establishes a crystallographic
pattern for the semiconductor material of the extrinsic base
layer 64 grown on the raised region 24. The crystallographic
pattern of the raised region of intrinsic base layer 22 is
reproduced during selective epitaxy in extrinsic base layer
64 over raised region 24 and facet region 28 so that this
region of the extrinsic base layer 64 has approximately the
same lattice structure and crystalline orientation as intrinsic
base layer 22 taking into account any differences in lattice
constant from dissimilar material compositions.

With reference to FIG. 7 in which like reference numerals
refer to like features in FIG. 6 and at a subsequent fabrica-
tion stage, an insulator layer 72 is deposited that buries the
sacrificial emitter pedestal 44. The insulator layer 72 may be
comprised of a dielectric, which is an insulating material
having a dielectric constant (e.g., permittivity) characteristic
of a dielectric material. In one embodiment, insulator layer
72 may be comprised of SiO, formed by plasma-enhanced
CVD (PECVD) or another suitable deposition process. A top
surface 74 of the insulator layer 72 is planarized using a
chemical-mechanical polishing (CMP) process so that the
top surface 74 is flat. The CMP process combines abrasion
and dissolution to remove a thickness of the insulator layer
72 so that the non-planar topography of the top surface 74
from the presence of the sacrificial emitter pedestal 44 is
reduced or eliminated, and the top surface 74 is thereby
flattened. The CMP process is controlled such that the
sacrificial emitter pedestal 44 remains buried beneath the top
surface 74 of the insulator layer 72.

With reference to FIG. 8 in which like reference numerals
refer to like features in FIG. 7 and at a subsequent fabrica-
tion stage, the top surface 74 of insulator layer 72 is further
recessed relative to the sacrificial emitter pedestal 44 by an
etching process, such as RIE. Sacrificial layer 40, which is
exposed by the recession of insulator layer 72, is then
removed from its position between the non-conductive spac-
ers 56. Sacrificial layer 40 may be removed from the
sacrificial emitter pedestal 44 using a suitable wet chemical
etch or RIE with a suitable etch chemistry.

Sacrificial layer 36, which is exposed after the removal of
sacrificial layer 40, is removed from its position between the
non-conductive spacers 56 on the sacrificial emitter pedestal
44. Sacrificial layer 36 may be etched using dry etching
process that removes the material of sacrificial layer 36
selective to the materials of base dielectric layer 32, non-
conductive spacers 56, and base dielectric layer 32. The
etching process stops upon reaching the top surface 34 of the
base dielectric layer 32. An etching process such as a
hydrofiuoric acid type procedure like a dilute hydrofluoric
(DHF) or a buffered hydrofluoric (BHF) wet procedure, or
a COR process is then applied to remove portions of the base
dielectric layer 32 not covered by the non-conductive spac-
ers 56.

As a result of the removal of the sacrificial emitter
pedestal 44 from between the non-conductive spacers 56, an
emitter window 76 is formed between the non-conductive
spacers 56. The emitter window 76 extends from the apex of
the non-conductive spacers 56 to the top surface 30 of
intrinsic base layer 22.

An emitter 78 of the bipolar junction transistor 92 is
formed in the emitter window 76. The non-conductive
spacers 56 respectively encircle or surround the emitter 78
for electrically isolating the emitter 78 from the extrinsic
base layer 64. The emitter 78 contacts, and may directly
contact, the raised region 24 of intrinsic base layer 22 and,
therefore, the intrinsic base of bipolar junction transistor 92.
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The emitter 78 of the bipolar junction transistor 92 may be
formed by depositing a layer comprised of a heavily-doped
semiconductor material and then patterning the deposited
layer using lithography and etching processes. For example,
the emitter 78 may be formed from polysilicon deposited by
CVD or LPCVD and heavily doped with a concentration of
a dopant, such as an impurities species from Group V of the
Periodic Table (e.g., arsenic) to impart n-type conductivity.
The heavy-doping level modifies the resistivity of the poly-
silicon and may be implemented by in situ doping that adds
a dopant gas to the CVD reactant gases during the deposition
process.

The lithography process forming the emitter 78 from the
layer of heavily-doped semiconductor material may utilize
photoresist and photolithography to form an etch mask that
protects only a strip of the heavily-doped semiconductor
material registered with the emitter window 76. An etching
process that stops on the material of insulator layer 72 is
selected to shape the emitter 78 from the protected strip of
heavily-doped semiconductor material. The mask is subse-
quently stripped, which exposes the top surface 74 of
insulator layer 72 surrounding the emitter 78.

The insulating layer 70, the extrinsic base layer 64, and
the intrinsic base layer 22 may be patterned using conven-
tional photolithography and etching processes to define an
extrinsic base and an intrinsic base of the bipolar junction
transistor 92. The extrinsic base layer 64 is separated from
the emitter 78 by the non-conductive spacers 56. Sections of
insulating layer 70 may be retained between the extrinsic
base layer 64 and the emitter 78.

The emitter 78, intrinsic base layer 22, and collector 18 of
the bipolar junction transistor 92 are vertically arranged. The
intrinsic base layer 22 is located vertically between the
emitter 78 and the collector 18. One p-n junction is defined
at the interface between the emitter 78 and the intrinsic base
layer 22. Another p-n junction is defined at the interface
between the collector 18 and the intrinsic base layer 22.

The etching process that provides the differential layer
thicknesses for the intrinsic base layer 22 affords indepen-
dent, local control over the layer thickness and, in particular,
over the layer thickness of the interface layer 60. In the field
regions 66, the extrinsic base layer 64 contacts the top
surface 68 of intrinsic base layer 22 to establish an extrinsic
base-intrinsic base interface. The deliberate thinning or
removal of the interface layer 60 permits closer spacing
between the extrinsic base layer 64 and the bulk layer 21 of
the intrinsic base layer 22. The consequence is that base
resistance R, may be significantly reduced without a sig-
nificant thermal anneal to drive the impurity species from
the extrinsic base layer 64 to the intrinsic base layer 22 and
thereby dope an adjacent thickness of the intrinsic base layer
22 to reduce its conductivity and provide a reduced-resis-
tance link between the intrinsic base layer 22 and extrinsic
base layer 64. The base resistance R, is a significant parasitic
because it provides an electrical feedback path between the
output and input of the bipolar junction transistor 92. The
reduction in the base resistance may improve the perfor-
mance of the bipolar junction transistor 92 by increasing
speed of the device, e.g., an important figure of merit, f,,,.,
which is a function of base resistance R,.

The emitter 78 directly contacts a portion of the intrinsic
base layer 22 for which the interface layer 60 retains the
initial layer thickness, t,, to establish an emitter-base inter-
face. The maintained thickness for the interface layer 60 in
direct contact with the emitter 78 may be needed to meet
design metrics, such as a specified base-emitter voltage V,,,
at a specified collector current.
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During the front-end-of-line (FEOL) portion of the fab-
rication process, the device structure of the bipolar junction
transistor 92 may be replicated across different portions of
the surface area of the substrate 10. In BICMOS integrated
circuits, complementary  metal-oxide-semiconductor
(CMOS) transistors may be formed using other regions of
the substrate 10. As a result, both bipolar and CMOS
transistors available on the same substrate 10.

Standard back-end-of-line (BEOL) processing follows,
which includes formation of wiring lines and via plugs in
dielectric layers to form an interconnect structure coupled
with the bipolar junction transistor 92, as well as other
device structures like bipolar junction transistor 92 and
optionally CMOS transistors (not shown) included in other
circuitry fabricated on the substrate 10. Passive circuit
elements, such as diodes, resistors, capacitors, varactors, and
inductors, may be fabricated in the interconnect structure
and available for use in the BICMOS integrated circuit.

FIG. 9 shows a block diagram of an exemplary design
flow 100 used for example, in semiconductor IC logic
design, simulation, test, layout, and manufacture. Design
flow 100 includes processes, machines and/or mechanisms
for processing design structures or devices to generate
logically or otherwise functionally equivalent representa-
tions of the design structures and/or devices described above
and shown in FIG. 8. The design structures processed and/or
generated by design flow 100 may be encoded on machine-
readable transmission or storage media to include data
and/or instructions that when executed or otherwise pro-
cessed on a data processing system generate a logically,
structurally, mechanically, or otherwise functionally equiva-
lent representation of hardware components, circuits,
devices, or systems. Machines include, but are not limited
to, any machine used in an IC design process, such as
designing, manufacturing, or simulating a circuit, compo-
nent, device, or system. For example, machines may
include: lithography machines, machines and/or equipment
for generating masks (e.g., e-beam writers), computers or
equipment for simulating design structures, any apparatus
used in the manufacturing or test process, or any machines
for programming functionally equivalent representations of
the design structures into any medium (e.g., a machine for
programming a programmable gate array).

Design flow 100 may vary depending on the type of
representation being designed. For example, a design flow
100 for building an application specific IC (ASIC) may
differ from a design flow 100 for designing a standard
component or from a design flow 100 for instantiating the
design into a programmable array, for example a program-
mable gate array (PGA) or a field programmable gate array
(FPGA) offered by Altera® Inc. or Xilinx® Inc.

FIG. 9 illustrates multiple such design structures includ-
ing an input design structure 102 that is preferably processed
by a design process 104. Design structure 102 may be a
logical simulation design structure generated and processed
by design process 104 to produce a logically equivalent
functional representation of a hardware device. Design
structure 102 may also or alternatively comprise data and/or
program instructions that when processed by design process
104, generate a functional representation of the physical
structure of a hardware device. Whether representing func-
tional and/or structural design features, design structure 102
may be generated using electronic computer-aided design
(ECAD) such as implemented by a core developer/designer.
When encoded on a machine-readable data transmission,
gate array, or storage medium, design structure 102 may be
accessed and processed by one or more hardware and/or
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software modules within design process 104 to simulate or
otherwise functionally represent an electronic component,
circuit, electronic or logic module, apparatus, device, or
system such as those shown in FIG. 8. As such, design
structure 102 may comprise files or other data structures
including human and/or machine-readable source code,
compiled structures, and computer-executable code struc-
tures that when processed by a design or simulation data
processing system, functionally simulate or otherwise rep-
resent circuits or other levels of hardware logic design. Such
data structures may include hardware-description language
(HDL) design entities or other data structures conforming to
and/or compatible with lower-level HDL design languages
such as Verilog and VHDL, and/or higher level design
languages such as C or C++.

Design process 104 preferably employs and incorporates
hardware and/or software modules for synthesizing, trans-
lating, or otherwise processing a design/simulation func-
tional equivalent of the components, circuits, devices, or
logic structures shown in FIG. 8 to generate a netlist 106
which may contain design structures such as design structure
102. Netlist 106 may comprise, for example, compiled or
otherwise processed data structures representing a list of
wires, discrete components, logic gates, control circuits, I/O
devices, models, etc. that describes the connections to other
elements and circuits in an integrated circuit design. Netlist
106 may be synthesized using an iterative process in which
netlist 106 is resynthesized one or more times depending on
design specifications and parameters for the device. As with
other design structure types described herein, netlist 106
may be recorded on a machine-readable data storage
medium or programmed into a programmable gate array.
The medium may be a non-volatile storage medium such as
a magnetic or optical disk drive, a programmable gate array,
a compact flash, or other flash memory. Additionally, or in
the alternative, the medium may be a system or cache
memory, buffer space, or electrically or optically conductive
devices and materials on which data packets may be trans-
mitted and intermediately stored via the Internet, or other
networking suitable means.

Design process 104 may include hardware and software
modules for processing a variety of input data structure
types including netlist 106. Such data structure types may
reside, for example, within library elements 108 and include
a set of commonly used elements, circuits, and devices,
including models, layouts, and symbolic representations, for
a given manufacturing technology (e.g., different technology
nodes, 32 nm, 45 nm, 84 nm, etc.). The data structure types
may further include design specifications 110, characteriza-
tion data 112, verification data 114, design rules 116, and test
data files 118 which may include input test patterns, output
test results, and other testing information. Design process
104 may further include, for example, standard mechanical
design processes such as stress analysis, thermal analysis,
mechanical event simulation, process simulation for opera-
tions such as casting, molding, and die press forming, etc.
One of ordinary skill in the art of mechanical design can
appreciate the extent of possible mechanical design tools
and applications used in design process 104 without devi-
ating from the scope and spirit of the invention. Design
process 104 may also include modules for performing
standard circuit design processes such as timing analysis,
verification, design rule checking, place and route opera-
tions, etc.

Design process 104 employs and incorporates logic and
physical design tools such as HDL compilers and simulation
model build tools to process design structure 102 together



US 9,437,717 B2

13

with some or all of the depicted supporting data structures
along with any additional mechanical design or data (if
applicable), to generate a second design structure 120.
Design structure 120 resides on a storage medium or pro-
grammable gate array in a data format used for the exchange
of data of mechanical devices and structures (e.g., informa-
tion stored in an IGES, DXF, Parasolid XT, JT, DRG, or any
other suitable format for storing or rendering such mechani-
cal design structures). Similar to design structure 102,
design structure 120 preferably comprises one or more files,
data structures, or other computer-encoded data or instruc-
tions that reside on transmission or data storage media and
that when processed by an ECAD system generate a logi-
cally or otherwise functionally equivalent form of one or
more of the embodiments of the invention shown in FIG. 8.
In one embodiment, design structure 120 may comprise a
compiled, executable HDL simulation model that function-
ally simulates the devices shown in FIG. 8.

Design structure 120 may also employ a data format used
for the exchange of layout data of integrated circuits and/or
symbolic data format (e.g., information stored in a GDSII
(GDS2), GL1, OASIS, map files, or any other suitable
format for storing such design data structures). Design
structure 120 may comprise information such as, for
example, symbolic data, map files, test data files, design
content files, manufacturing data, layout parameters, wires,
levels of metal, vias, shapes, data for routing through the
manufacturing line, and any other data required by a manu-
facturer or other designer/developer to produce a device or
structure as described above and shown in FIG. 8. Design
structure 120 may then proceed to a stage 122 where, for
example, design structure 120: proceeds to tape-out, is
released to manufacturing, is released to a mask house, is
sent to another design house, is sent back to the customer,
etc.

The method as described above is used in the fabrication
of integrated circuit chips. The resulting integrated circuit
chips can be distributed by the fabricator in raw wafer form
(that is, as a single wafer that has multiple unpackaged
chips), as a bare die, or in a packaged form. In the latter case,
the chip is mounted in a single chip package (such as a
plastic carrier, with leads that are affixed to a motherboard
or other higher level carrier) or in a multichip package (such
as a ceramic carrier that has either or both surface intercon-
nections or buried interconnections). In any case the chip is
then integrated with other chips, discrete circuit elements,
and/or other signal processing devices as part of either (a) an
intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes
integrated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a dis-
play, a keyboard or other input device, and a central pro-
Cessor.

References herein to terms such as “vertical”, “horizon-
tal”, etc. are made by way of example, and not by way of
limitation, to establish a frame of reference. The term
“horizontal” as used herein is defined as a plane parallel to
a conventional plane of a semiconductor substrate, regard-
less of its actual three-dimensional spatial orientation. The
term “vertical” refers to a direction perpendicular to the
horizontal, as just defined. The term “lateral” refers to a
dimension within the horizontal plane.

It will be understood that when an element is described as
being “connected” or “coupled” to or with another element,
it can be directly connected or coupled with the other
element or, instead, one or more intervening elements may
be present. In contrast, when an element is described as
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being “directly connected” or “directly coupled” to another
element, there are no intervening elements present. When an
element is described as being “indirectly connected” or
“indirectly coupled” to another element, there is at least one
intervening element present.

The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

What is claimed is:

1. A bipolar junction transistor comprising:

an intrinsic base layer including a raised region with a first
portion and a second portion, the second portion of the
raised region being thinner than the first portion of the
raised region, the intrinsic base layer including a top
surface, a bulk layer, and an interface layer between the
bulk layer and the top surface, the interface layer
comprised of silicon, the bulk layer comprised of
silicon-germanium, the interface layer of the first por-
tion of the raised region has a first thickness, and the
interface layer of the second portion of the raised
region has a second thickness that is less than the first
thickness;

an emitter in a contacting relationship with the interface
layer of the first portion of the raised region of the
intrinsic base layer at the top surface; and

an extrinsic base layer in a contacting relationship with
the interface layer of the second portion of the raised
region of the intrinsic base layer at the top surface,

wherein the emitter and the first portion of the raised
region of the raised region of the intrinsic base layer are
vertically arranged, and a p-n junction is located at an
interface between the interface layer of the intrinsic
base layer and the emitter.

2. The bipolar junction transistor of claim 1 wherein the
interface layer has a first thickness over the first portion of
the raised region of the intrinsic base layer, the interface
layer has a second thickness over the second portion of the
raised region of the intrinsic base layer, and the second
thickness is smaller than the first thickness.

3. The bipolar junction transistor of claim 1 wherein
further comprising:

a plurality of shallow trench isolation regions defining a
device region, the device region aligned with the raised
region of the intrinsic base layer; and

a collector in the device region, the collector comprised of
a first semiconductor material having an opposite con-
ductivity type from the intrinsic base layer.

4. The bipolar junction transistor of claim 3 wherein the
first portion of the raised region of the intrinsic base layer is
disposed between the collector and the emitter.

5. The bipolar junction transistor of claim 1 further
comprising:

a plurality of non-conductive spacers on the emitter,

wherein the extrinsic base layer is self-aligned with the
non-conductive spacers.

6. A hardware description language (HDL) design struc-
ture encoded on a machine-readable data storage medium,
the HDL design structure comprising elements that when
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processed in a computer-aided design system generates a wherein the emitter and the first portion of the raised
machine-executable representation of a bipolar junction region of the raised region of the intrinsic base layer are
transistor, the HDL design structure comprising: vertically arranged, and a p-n junction is located at an
an intrinsic base layer including a raised region with a first interface between the interface layer of the intrinsic
portion and a second portion, the second portion of the 3 base layer and the emitter.
raised region being thinner than the first portion of the 7. The HDL design structure of claim 6 wherein the HDL

design structure comprises a netlist.
8. The HDL design structure of claim 6 wherein the HDL
design structure resides on storage medium as a data format
10 used for the exchange of layout data of integrated circuits.
9. The HDL design structure of claim 6 wherein the HDL
design structure resides in a programmable gate array.

interface layer of the second portion of the raised 10. The bipolar junction transistor of claim 1 further

region has a second thickness that is less than the first cOmPprISIng. . . .
thickness: 15 acollector vertically arranged with the first portion of the

raised region of the intrinsic base layer and the emitter,

the collector in a contacting relationship with the bulk

layer of the intrinsic base layer, and the collector

separated from the emitter by the interface layer and
20 bulk layer of the intrinsic base layer.

raised region, the intrinsic base layer including a top
surface, a bulk layer, and an interface layer between the
bulk layer and the top surface, the interface layer
comprised of silicon, and the bulk layer comprised of
silicon-germanium, the interface layer of the first por-
tion of the raised region has a first thickness, and the

an emitter in a contacting relationship with the interface
layer of the first portion of the raised region of the
intrinsic base layer at the top surface; and

an extrinsic base layer in a contacting relationship with
the interface layer of the second portion of the raised
region of the intrinsic base layer at the top surface, L



